We confirmed that the fimbriae of Haemophilus influenzae type b conferred hemagglutinating activity (HA) towards human erythrocytes, and erythrocytes of certain other species. Most (17/25) cerobrospinal fluid isolates lacked detectable HA on direct testing, but selective enrichment for fimbriation (f) indicated that 22 of 25 strains could produce these surface structures. HA was unchanged from pH 4.5 to 9.5 and was not inhibited by mannose or certain other simple sugars. The HA titer of a suspension of three f+ strains was slightly decreased at 50°C; HA was lost by heating at 60°C for 3 min. Growth on a variety of solid and liquid media and under differing degrees of oxygenation did not change the HA titer of a suspension of three f+ strains. Fimbriation was not lost on repeated subculture. Wild-type fimbriated strains, and those derived by transformation, did not contain detectable plasmid DNA. Transformation of a strain lacking fimbriae to f+ was associated with the appearance of an outer membrane protein of 24 kilodaltons. This protein was purified from one strain to homogeneity on sodium dodecyl sulfate-polyacrylamide gel electrophoresis by selective detergent solubilization and ammonium sulfate fractionation. Colonization capacity was equivalent with an isogenic untypable strain lacking or possessing fimbriae. Fimbriae of type b H. influenzae possess characteristics similar to those structures on other gram-negative bacteria; their role in cell physiology or pathogenesis of invasive disease is unknown.
Fimbriae are nonflagellar surface appendages which do not participate in the transfer of bacterial or viral nucleic acids (7) . There may be several hundred peritrichous strands per cell. Fimbriae of Escherichia coli mediate adherence to mammalian cells. Often the adherence is associated with hemagglutinating activity (HA), facilitating the screening and categorization of strains. Certain fimbriae mediate HA which is inhibited by mannose (1) .
Fimbriated isolates of fastidious invasive human pathogens, such as Neisseria meningitidis, frequently lose these structures after in vitro passage (18) ; this occurs without a change in colonial morphology (18) . These structures mediate adherence to buccal epithelial cells which is not inhibited by mannose. The presence of fimbriae on Neisseria gonorrhoeae correlates with colonial opacity. Both adherence to human cells and resistance to phagocytosis have been postulated as virulence mechanisms associated with the fimbriae of N. gonorrhoeae (21, 24, 28) .
Kahn and Gromkova (10) described a piliated Haemophilus parainfluenzae: this strain was originally isolated from the upper respiratory tract of a patient and was originally thought to be a Haemophilus influenzae. The pili were 8 by 500 nm, and 50 to 100 were present on each cell. Kahn and Gromkova found a correlation between colonial morphology and the percentage of piliated cells, but piliation status per se did not determine colonial morphology. Both piliated and nonpiliated H. parainfluenzae were capable of agglutinating human erythrocytes.
Kilian noted that conjunctival isolates of H. influenzae had HA (12) . Scott and Old confirmed this observation and also studied additional unencapsulated respiratory tract isolates (25) . They characterized the HA as (i) greatest at 4°C and eluting at 20°C, (ii) stable to heating at 56°C for 30 min, and (iii) lost with subculture.
Capsulated strains of H. influenzae with fimbriae have been recently reported (9, 23) . A fimbriated strain of H. influenzae type b isolated from the nasopharynx of a child with meningitis was more adherent to human buccal epithelial cells compared with the cerebrospinal fluid (CSF) isolate (9) . Other investigators found nasopharyngeal isolates to be f+, whereas the CSF isolate was f-. Fimbriated organisms were selected from f CSF isolates by enrichment for cells which adhere to erythrocytes (23) .
The purposes of our investigations were to further characterize the hemagglutination assay, define the genetic basis of fimbrial expression, purify and partially characterize these structures, and use isogenic transformants to investigate the role of fimbriae in nasopharyngeal colonization.
MATERIALS AND The strains from the first or second subculture were verified as H. influenzae and stored as previously described (27) . Reference strains are described in Table 1 .
Media and growth conditions. Brain heart infusion broth was supplemented with hemin and 3-NAD+ (sBHI) to grow H. influenzae strains (31) . In certain experiments it was solidified with 2.5% agar (31 weak HA detected only by inspection of the suspension with an inverted microscope was defined as micro HA. In certain experiments the organisms were geometrically diluted with PBS; 50 ,ul of the diluted bacterial suspension was added to 50 ,ul of erythrocytes, and HA was determined as above. Enrichment of fimbriated organisms. H. influenzae which produced fimbriae were selected by two methods. (i) Organisms from a standard sBHI agar plate (streaked for isolation to verify purity) were suspended in 9 ml of PBS, and 1 ml of a 3% suspension of human O+ erythrocytes was added. The suspension was centrifuged at 40 x g for 10 min at room temperature, and the pellet was resuspended in 20 ml of PBS; the pellet was then washed six times by repeated resuspension and centrifugation as above. The final pellet was cultured on sBHI agar. (ii) Fimbriated organisms (f+) were separated from non-fimbriated organisms (f) by isopycnic density gradient centrifugation in Percoll as described by Giesa et al. (8) . The density of the f (1.080 g/cm3) and f+ strains (1.040 g/cm3) was determined by comparing their banding position to that of reference beads of known density (Pharmacia Fine Chemicals, Piscataway, N.J.). Separation of fimbriated (f) and non-fimbriated (f) H. influenzae by isopycnic density gradient centrifugation was confirmed by mixing 108 CFU of Ela f+ (obtained by erythrocytic enrichment of strain El (27) and 108 CFU of Rd/pDM2 f and plating on selective media. The presence or absence of fimbriae on these strains was confirmed by electron microscopy. Direct testing of the organisms banding at 1.040 g/cm3 after washing the aspirated band in PBS yielded macro HA. Quantitative culture of the resultant high-and low-density bands on selective antibiotic-containing media demonstrated efficient separation of f' and f strains.
The procedure adopted to ascertain whether an f strain was capable of producing fimbriae consisted of a single adsorption to O+ human erythrocytes with pelleting at 40 x g and overnight culture of the washed erythrocyte pellet on sBHI agar; this culture was harvested by resuspending the organism in 2 ml of PBS and tested for HA. The remainder of the suspension was banded on a preformed Percoll gradient. The less dense band was then subcultured on sBHI agar, again banded on Percoll, and then tested for HA.
Isolation and analysis of outer membranes. Outer membrane protein fractions (OMPs) were prepared by lithium extraction of organisms grown to the mid-log phase as previously described (T. L. Stull, K. Mack, J. E. Haas, J.
Smit, and A. L. Smith, submitted for publication). This technique also extracted fimbriae as determined by the presence of an additional major protein band of ca. 24,000 daltons in OMP preparations, evident by SDS-PAGE analysis of strains enriched for fimbriation; fimbrial presence was confirmed by electron microscopy. SDS-PAGE was performed as described by Laemmli (15) . Each well contained ca. 7 p.g of Lowry-reactive protein (22) . Protein bands were visualized by staining with silver as described previously (Stull, submitted for publication).
Electron microscopy. Negative staining was performed as described by McGee (18 Fig. 6 and 7) .
RESULTS
Morphology. Four strains (three type b and one untypable) which were fimbriated on primary isolation were examined by electron microscopy after negative staining. An average of 16 fimbriae were detected on each strain. They were 4.7 to 18.0 nm in diameter, the larger value derived from measuring the base, and 209 to 453 nm in length (Fig. 1) . A hollow core was evident (Fig. 2) . Fimbriae from one strain could not be morphologically distinguished from those present on other strains ( Fig. 1A and B) .
HA of isolates. Strain After erythrocyte adsorption 13 4 8 After isopycnic banding 3 4 18 MAP (Fig. 3) : several hundred were examined in parallel with a known f+ strain (C54). The protein profile of the major OMPs of strain C47 was identical to that of C54 except for the increased amount of a band with an apparent molecular weight of 24,000 (Fig. 4) .
Effects of culture conditions. Since N. meningitidis and N. gonorrhoeae do not express fimbriae after repeated subculture, we investigated HA of strains C54 and Ela f+ after repeated passage on Catlin agarose, sBHI agar, and GCchocolate agar. C54 and Ela f+ maintained macro HA at dilutions of up to 1:128, starting with 108 CFU/ml after three passages on GC-chocolate or sBHI agar, or on Catlin agarose, whether grown in an aerobic or anaerobic atmosphere. Macro HA of C54 and Ela f+ also was maintained after 30 aerobic subcultures on sBHI and chocolate agar with overnight incubation at 37°C. Colonies were examined on sBHI agar by using both reflected and transmitted light; no apparent colonial morphology was correlated with the presence or absence of HA. Additional enrichment of Ela f+ (with erythrocytic adsorption and Percoll banding) yielded cells which had a coarse granular appearance on sBHI agar; this is the only instance in which colonial morphology correlated with the presence of fimbriae.
Effect of growth in serum. Since type b H. influenzae acquire resistance to the bactericidal activity of convalescent rat serum when preincubated in rat or human serum (26) , we studied the effect of growth in serum on the HA titers of fimbriated strains. Enriched strain Ela (f1) grown to a density of 108 CFU/ml and tested in PBS at the same density yielded an HA titer of 1:128. A 10-p.l volume of a 1:10 dilution in PBS (ca. 105 CFU) at the same density was added to 3 ml of sBHI broth, and an identical amount was added to 3 ml of serum from one of the authors (T.L.S.) which had been heated to 56°C for 30 min. After 4 h of incubation at 37°C with shaking at 200 rpm, the bacterial density in the broth was 2 x 108 CFU/ml and in the serum was 8 x 107 CFU/ml. Each suspension had an HA titer of 1 Three strains (Ela f1, C54, and A02) with macro HA were grown overnight on sBHI agar and serially diluted in PBS to 2 x 109 CFU/ml. They then were tested at 4, 25, 35, 40, 45, and 50°C with the assay temperature increased in a stepwise fashion in a humidified environment. After examination at 50°C for 5 min, the temperature was then reduced to 25°C, and the HA titer again was evaluated with human O+ erythrocytes. Adsorption on nonhuman erythrocytes, subculturing the adherent cells, and retesting the species-specific HA pattern did not broaden or narrow the erythrocyte specificity of any strain.
Genetic basis of piliation. Six randomly selected CSF isolates which were selected for f+ (as described) possessed macro HA; these as well as strains C54 and AO1 were examined for plasmid DNA. None had detectable extrachromosomal DNA.
Whole cell DNA from strain C54 was transformed into strain MAP with selection based on erythrocyte absorption and Percoll banding. The resulting strain (MAP/C54) had fimbriae on electron microscopy (Fig. 5) . This transformant, which had macro HA, had an additional protein band on SDS-PAGE with a molecular weight of 24,000. This band has the same relative mobility of a protein present in strain C54 but absent in the CSF isolate from the same patient strain C47 (Fig. 4) . The fimbriated transformant, MAP/C54, did not have a detectable type b or d capsule when tested for agglutination with specific antisera. This procedure for selective enrichment for fimbriation utilizes hemadsorption, described by Connor and Loeb (6) , and the observation that fimbriated strains are less dense than nonfimbriated strains (8) . (Fig. 6) , and final purification was verified by (i) the presence of a single band on SDS-PAGE and (ii) electron microscopy (Fig. 7) . The approximate molecular weight of the fimbrial subunit was 24,000. In N. gonorrhoeae, a 1.54-to 3.08-megadalton fragment of chromosomal DNA encodes for pili (19) . In contrast, the genes encoding for an adherence factor in enterotoxigenic E. coli reside on a plasmid. H. influenzae type b fimbriae could be transferred to an f recipient by transformation with whole cell DNA. Neither wild-type f+ strains, the f' transformant (MAP/C54), nor the donor (C54) contained detectable plasmid DNA. This suggests that the genes for fimbriation are chromosomal in location; however, the integration of a plasmid mediating fimbriation in the chromosome is also a possibility.
The role of fimbriae in pathogenesis of invasive disease due to H. influenzae is not understood. Kaplan et al. (11) isolated 50 type b H. influenzae from the nasopharynx of (11) reported that all 50 CSF isolates they examined by electron microscopy had "low levels of piliation." We found that none of the 13 type b strains isolated from nasopharynx had macro HA; however, we did not perform a systematic survey of strains isolated from respiratory mucosa. Fimbriae are not uniformly present in type b strains isolated from either the nasopharynx or CSF, although 86% of the CSF isolates we examined had the genetic information to express fimbriae: selective enrichment techniques yielded f+ cells. This indicates that a majority of type b strains have the potential to produce fimbriae.
One potential function of fimbriae is to mediate adherence to respiratory epithelial cells (16) . Kaplan et al. (11) compared the adherence of three pairs of type b strains: one from the CSF was HA-, whereas the nasopharyngeal isolate was HA+. Adherence in vitro to human buccal epithelial cells occurred only with the piliated, HA+ strains. Surprisingly, there was no difference in virulence in the infant rat model, as defined as bacteremia incidence, between the HA-and HA+ strains (11) . However, the conclusion that piliation does not contribute to virulence may not be valid, as piliated H. influenzae do not adhere to rat buccal epithelial cells (11 
